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Introduction
Since the development of the Halcon-ARCO process for industrial propylene oxide production using molecular Mo(VI) catalysts and organic hydroperoxides in homogeneous phase, improvements in stability, selectivity and applicability of specialized molybdenum complexes for homogeneous and heterogeneous epoxidation catalysis have been focal points of studies. 1 Mononuclear complexes such as 12, 13 have been used as epoxidation catalysts with tert-butyl hydroperoxide (TBHP) or H 2 O 2 as oxidants. [13] [14] [15] Cyclopentadienyl (Cp) Mo complexes sometimes display activities similar or even higher than the well-examined methyltrioxorhenium (MTO)-H 2 O 2 system. [16] [17] [18] [19] [20] During the last decade, monomeric CpMo tricarbonyl complexes have been established as suitable precursors for catalytically active molybdenum dioxo or oxo-peroxo complexes, which are formed in situ with organic hydroperoxides after oxidative decarbonylation. [21] [22] [23] Homogeneous epoxidation activities of CpMo complexes as catalysts have been compared in a recent review 10 and other reviews have discussed heterogenization and catalytic applications of the aforementioned category of molybdenum catalysts. [24] [25] [26] Enantiopure epoxides are valuable in organic synthesis and ubiquitous in pharmaceutical, agrochemical and other fine chemical industrial applications. 27 Numerous molybdenum-based complexes have been utilized in enantioselective catalysis. 28, 29 Specifically for epoxidation of unfunctionalized prochiral alkenes, chiral dioxo-molybdenum-based complexes have been extensively studied in both homogeneous and heterogeneous catalysis. 28, 30 However, the limited enantioselectivity achieved with such complexes is, in general, a consequence of either weakly coordinating chiral ligands or transition states which are symmetrical during oxygen transfer from the oxo-bisperoxo species. 31 Although stereoselective epoxidation in homogeneous phase with readily available Mo catalysts is a lucrative target, only very few examples are reported in literature and the enantiomeric excess (ee) does not exceed ca. 20% (for trans-β-methylstyrene as the substrate). 32 Efforts towards chiral CpMo catalysts mostly involve the introduction of chiral substituents on the Cp ring. 32, 33 However, as a consequence of the fast rotation of the Cp ring in solution, chiral information is lost and hence, the ee obtained are very poor. The rotation of the chiral Cp ligand can be suppressed by an ansa-bridge from the Cp ligand to the Mo centre, that is coordinated either in a heteroatomic fashion 14 or may be σ-C bound. 34 In these cases, the chiral centres are located either at the ansa-bridge directly or at substituents at the bridge, which is apparently too far away from the metal to be able to effectively transfer chiral information to the substrate. Royo et al. have investigated a chiral oxazoline substituted Cp molybdenum complex which forms a heteroatomic ansabridge, in order to introduce chiral centres in close proximity to the metal centre. and methyl (electron donating) group in complexes [CpMo(CO) 3 Cl] and [CpMo(CO) 3 Me]
respectively, the alkylester group should render the metal centre more electron poor than a methyl but less than a chloro substituent since the electron withdrawing ester group is not directly bound to the metal. This is useful in order to verify ligand effects on the Lewis acidity of the metal centre in the precatalyst, and establish a correlation with catalytic activity in the epoxidation reaction. Furthermore, complexes 1−5 are designed to be less active than the chloro and methyl analogues and thus may allow for better thermodynamic and kinetic control during enantioselective epoxidation as well as in situ monitoring of the catalyzed reaction. The presence of the alkylester moiety also eliminates the possibility of β-hydrogen elimination decomposition processes, which are possible for complexes where molybdenum is attached to a large alkyl group. 35 In this work the synthesis, characterization and applications of CpMo complexes 
X-ray Crystallography
Data were collected on an X-ray single crystal diffractometer equipped with a CCD detector (APEX II, κ-CCD), a rotating anode (Bruker AXS, FR591) with MoK α radiation (λ = 0.71073 Å) and a graphite monochromator. Depending on the complex, either a MONTEL-type focusing optic (compound 2) or a fine focus sealed tube (compounds 1 and 5) was used. Collected data was analyzed by using the SMART software package. 38 The measurements were performed on single crystals coated with perfluorinated ether. The crystals were fixed on the top of a glass fiber and transferred to the diffractometer. Crystals were frozen under a stream of cold nitrogen. A matrix scan was used to determine the initial lattice parameters. Reflections were merged and corrected for Lorenz and polarization effects, scan speed, and background using SAINT. 39 Absorption corrections, including odd and even ordered spherical harmonics were performed using SADABS. 39 Space group assignments were based upon systematic absences, E statistics, and successful refinement of the structures.
Structures were solved by direct methods with the aid of successive difference Fourier maps, and were refined against all data using the APEX 2 software 38, 40 in conjunction with SHELXL-97 41 and SHELXLE. 42 Unless stated otherwise, methyl hydrogen atoms were refined as part of rigid rotating groups, with a C-H distance of 0.98 Å and U iso(H) = 43 Images of the crystal structures were generated by PLATON. 44 Full refinement was straightforward for complex 1, while the ethyl moieties in 2 were refined using split layer positions. Due to physical meaningless ADPs, the following restraints were applied: SIMU for C1 > C5
(Cp-Moiety) and ISOR for C10 for complex 5. 
Results and Discussion
Synthesis and characterization of complexes 1-5
Complexes 1-5 were synthesized in yields of 54-85% by procedures analogous to previous reports for the synthesis of complex 1 45, 46 57 This implies that the Mo centre is more electron deficient in compound 3 compared to complex 2, which is in accordance with expected substituent effects (−CH 3 vs. −C 6 H 5 at α-C in conjunction with ester functional group).
Vibrational spectroscopy
The carbonyl ester group in 1-5 absorbs in the range of 1666-1690 cm -1 , which is typical for complexes of this type. 46 The absorption frequencies for the terminal carbonyl . 58 This is not altogether unusual as deviation from the original D 4h geometry to slightly perturbed C 3v geometry in piano-stool complexes results in experimental observation of only two bands A′ and A″ out of the three possible ν CO .
Thermogravimetry and Mass Spectrometry
Thermogravimetric analysis combined with mass spectrometry data for complexes 2−5
indicate that loss of a Mo bound carbonyl group (as CO + ) initiates their decomposition. This is followed by a nearly simultaneous loss of Cp or other two carbonyls or the alkylester side chain. These transformations are responsible for complete decomposition of the precatalysts. The propensity of both processes is accentuated when one CO is lost. Mass spectrometry and decomposition points determined from TGA-MS are given in Table 2 . 
Single crystal X-ray diffraction
Crystals for complexes 1, 2 and 5 were obtained from a pentane-diethyl ether solvent mixture by slow vapor diffusion and were suitable for single crystal X-ray diffraction experiments. The crystal structures for these complexes prove indisputably the η 1 -coordination of the ester side chain ( Fig. 1-3 ).
The bond length Mo1-C9 (Mo-α C) in the crystal structures of complexes 1, 2 and 5 differs significantly. This bond distance is the shortest for complex 1 (2.325(2) Å) due to least steric demand in the absence of any α-C substituent while in complex 2 (2.377 (2) Å), presence of the methyl substituent exerts a higher steric demand and the bond length increases. For complex 5, the bond length Mo1-C9 is 2.349(5) Å, which is in between those for 1 and 2. Here, the steric influence is a result of the bulky bornyl ester group even though there is no additional α-C substituent. The Mo-α C bond length in complex [CpMo(CO) 3 CH 3 ] is 2.326(3) Å 59 which is almost identical to the bond length in complex 1. Tables S1 and S2 in SI.
During catalytic epoxidation of cis-cyclooctene with 1-5 and TBHP, an induction period is observed that lasts for 30 min to 2 h depending on the catalyst. This initial time period is attributed to oxidative decarbonylation of the Mo(II) precatalyst to give the catalytically active oxomolybdenum(VI) species (see Fig. 4 and Scheme 2). 21, 22, 60 The concentration of active species present in the reaction mixture is very small in the beginning of the reaction and therefore conversion of the substrate to its epoxide is originally also small.
Once a critical amount of oxidized species is formed, epoxidation of the substrate becomes quite fast, as indicated by the steep part of the plots in Fig. 4 .
1-5 are active catalysts for the epoxidation of cis-cyclooctene forming cyclooctene oxide selectively and quantitatively within 2-4 h (1 mol% catalyst) in CH 2 Cl 2 ( Fig. 4(a) ).
Activities in the range of 120-190 cycles per hour are observed for cyclooctene oxide formation, which increase to 230-360 h -1 when 0.1 mol% of the precatalysts are used (Fig. 4(b) ). In the absence of a co-solvent, catalytic epoxidation of cis-cyclooctene was accompanied with evolution of heat after addition of TBHP, indicating that oxidative decarbonylation is exothermic. This is, at least in part, responsible for faster conversions to cyclooctene oxide along with the smaller dilution factor and thus increased TOFs (210-500 h -1 ) (Fig. 4(c) ). At a higher reaction temperature of 55 °C, conversion of cis-cyclooctene to its epoxide is very fast and quantitative yields are obtained within 10 min after addition of the oxidant (Fig. 4(d) ). There is no clearly The stilbene substrates are selectively transformed to their respective epoxides in yields of up to 50% within 4 h and these yields only marginally increase up to 65% after 24 h (Fig. 4 (e) and 4(f)). More challenging substrate 1-octene is converted to the epoxide slowly, and yields of about 40% are obtained after 24 h with 1 mol% of the catalysts.
The conversion of the terminal alkene (1-octene) and aromatic substrates (stilbene, methylstyrene) is both poor and slow relative to cis-cyclooctene. This can be due to deactivation of the primary catalyst before complete epoxidation of these substrates.
There is little influence of the increasing steric bulk of the ester alkyl group from ethyl (1, 2 and 3) to menthyl (4) or bornyl (5) on catalytic activity, which is not surprising as the electronic situation at the metal centre is similar for the three α-carbon unsubstituted precatalysts. Additionally, the reaction site is farther from the ethyl group or sterically encumbered menthyl or bornyl groups located at the end of the oxoalkyl side chain.
Although epoxidation of trans-β-methylstyrene is selective towards the epoxide product, there is negligible (within the experimental error) stereo-differentiation during catalysis and only equimolar amounts of (2S,3S)-2-methyl-3-phenyloxirane and (2R,3R)-2-methyl-3-phenyloxirane are obtained. Poor ee obtained with these complexes can be reasoned to be due to location of chiral information being still too far away from the reactive metal centre.
Complexes 2 and 3 with methyl and phenyl substituent on Mo-α C respectively are in general, more active than complexes 1, 4, 5 which are unsubstituted at this position.
Furthermore, catalysis with 3 gives a slightly higher yield of epoxides for nearly all substrates tested compared to complex 2. This trend may be accounted for by the observation that the molybdenum centre appears slightly more electron deficient in 2 and 3 compared to precatalysts 1, 4 and 5.
NMR study of catalytic epoxidation of cis-cyclooctene
In order to confirm the stability of the Mo−R bond in the chiral catalyst during epoxidation, we followed the progress of catalytic epoxidation of cis-cyclooctene with TBHP using (Fig. 6(a) ). This indicates that although only part of the precatalyst is converted to the active species, the rate of epoxidation is quite high. The signal for Cp of precatalyst 5 at 5.22 ppm and a new signal for the oxidized complex at 6.28 ppm can both be observed after 4 h of monitoring of the catalysis reaction, confirming that Cp ligand is retained after the oxidative transformation. (Table S3 in SI). Since cyclooctene is converted to its epoxide before the amount of oxo-peroxo complex is significant, it is evident that rate of oxidation of olefin with the dioxo complex is quite high. Alternatively, this observation suggests that the presence of the olefin (in its role as a reductant)
affects the oxidation of the precatalyst, i.e. by suppressing the conversion of I to II. In Fig. 6(b C NMR chemical shifts is given in Table 3 . See Fig. 5 , 'Bornyl-HC-O-C(=O)' for changes in observed multiplet of this proton.
b Chemical shift changes due to change in polarity. one-third of the precatalyst is left unreacted during catalytic epoxidation, these results suggest that the conversion of cyclooctene substrate to epoxide takes precedence over a complete oxidative decarbonylation of the precatalyst. 
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In an attempt to evaluate how such homogeneous catalysts perform in subsequent catalytic runs without isolating the active oxo complex, we added the substrate after treating the precatalyst with TBHP. 95 Mo NMR of the reaction mixture on treating 5 with 50 equiv. of TBHP in CDCl 3 shows a broad signal at -628 ppm (Fig. S11 in SI Fig. S12 in SI) . This may be attributed to the auto-retardation effect of tertbutanol which is present in the reaction mixture after in situ oxidation of the precatalyst and/or lower activity of the oxo-peroxo species relative to the dioxo complex.
Accordingly, it can be confirmed that complex II (oxo-peroxo) is also an active catalyst for olefin epoxidation. 
Conclusion
